We present a theoretical study of the spin transport through a manganese phthalocyanine ͑MnPc͒ molecule sandwiched between two semi-infinite armchair single-walled carbon nanotube ͑SWCNT͒ electrodes. Ab initio modeling is performed by combing the nonequilibrium Green's function formalism with spin density functional theory. Our calculations show that MnPc not only can act as a nearly perfect spin filter, but also has a large transmission around the Fermi level, which is dominated by the highest occupied molecule orbital ͑HOMO͒. The HOMO of MnPc is found to be a singly filled doubly degenerate molecular orbital, where the electrodes' Fermi level can easily pin. The spin filter effect of MnPc is very robust regardless of whether the open ends of the SWCNT electrodes are terminated by hydrogen, fluorine, or carbon dimers, demonstrating its promising applications in future molecular spintronics.
I. INTRODUCTION
Molecular spintronics, in which molecules are used as spin transport channels, has the potential of becoming a viable way for controlling and manipulating the quantum transport properties of spins at the single-molecule level. [1] [2] [3] [4] Among the many potential molecular candidates, [5] [6] [7] [8] [9] [10] [11] [12] metal ͑II͒ phthalocyanines ͑MPc͒ form a promising and important family of compounds whose spin states can be systematically altered by changing the metal center atom. 13 At present, many experimental and theoretical investigations have focused on electronic properties of MPc molecules adsorbed on metal substrates, [14] [15] [16] [17] [18] [19] among which manganese phthalocyanine ͑MnPc͒ is a representative. 16, 17 However, a few studies on the electronic transport properties of MPc in the leadmolecule-lead configuration have been reported, especially for MPc molecules sandwiched between low-dimensional electrodes. [20] [21] [22] Note that low-dimensional electrodes whose size is comparable to that of the molecules to be measured will be important for future integrated circuits based on molecular devices, because bulk contacts can only be used as electron source and sink. [23] [24] [25] Although preliminary results about a prototypical single-molecule device composed of a MnPc molecule between two one-dimensional gold monatomic chains have been reported previously, 22 it is extremely difficult to build such devices and then measure their transport properties because freely suspended gold monatomic chains created in current experiments are usually only two or three atoms long. 26 In contrast to metallic monatomic chains, nearly perfect single-walled carbon nanotubes ͑SWCNTs͒, which are molecular objects themselves, can be routinely synthesized using the technique of arc discharge, laser ablation, or chemical vapor deposition. 27 More importantly, SWCNTs have been recently employed as the electrodes for molecular devices, [28] [29] [30] and preliminary experimental and theoretical results have shown that devices made with SWCNT electrodes can have better performance than those made with traditional metal electrodes. 31, 32 Therefore, here we investigate the spin transport properties of a MnPc molecule sandwiched between two semi-infinite armchair SWCNT electrodes. This is realized by employing the nonequilibrium Green's function formalism combined with spin density functional theory ͑that is, the NEGF+ DFT approach͒. [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Our calculations show that MnPc can act as a nearly perfect spin filter and also has a large transmission around the Fermi level ͑E F ͒. The highest occupied molecular orbital ͑HOMO͒ of MnPc is a doubly degenerate state composed of the Mn 3d xz or 3d yz atomic orbitals. These are -type orbitals delocalized along the entire molecule thus that they can couple with the conducting states of the SWCNT electrodes forming efficient conducting channels around the Fermi level.
II. CALCULATION METHOD
Geometry optimization and electronic structure calculations have been performed by using the SIESTA package. 43 We use improved Troullier-Martins pseudopotentials to describe the core electrons and the generalized gradient approximation ͑GGA͒ of Perdew, Burke, and Ernzerhof ͑PBE͒ a͒ Author to whom correspondence should be addressed. Electronic mail: smhou@pku.edu.cn.
for the exchange and correlation energy. 44, 45 The wave functions for the valence electrons are expanded over a finite range numerical basis set, and a user-defined double zeta plus polarization basis set is constructed for all elements including hydrogen, carbon, nitrogen, and manganese. Geometry optimization is obtained by conjugate gradient relaxation until the forces are smaller than 0.03 eV Å −1 . For comparison, all-electron DFT calculations for isolated MnPc molecules are also carried out using both the PBE GGA functional and the PBEh hybrid functional with the GAUSS-IAN03 code. [46] [47] [48] Here, the 6-311+ +G͑d,p͒ basis sets are used for carbon, hydrogen and nitrogen atoms, 49 and the ccpVTZ basis set is used for the Mn ion. 50 The spin-polarized transport calculations have been performed by using the SMEAGOL package, [39] [40] [41] which is a practical implementation of the NEGF+ DFT approach. Since SMEAGOL uses SIESTA as the DFT platform, we employ the same pseudopotentials, basis set and GGA functional, for both the geometry relaxation and the transport. Considering the atomic and electronic structure of SWCNTs, two semiinfinite ͑4,4͒ armchair SWCNTs are chosen as the electrodes. 51 The charge density is integrated over 80 energy points along the semicircle, 25 energy points along the line in the complex plane and 20 poles in the Fermi distribution ͑the electronic temperature is 25 meV͒. The zero-bias transmission functions for the spin-up and spin-down electrons ͑ = ↑ / ↓͒ are calculated from the Landauer formula,
where G is the spin-dependent retarded Green's function of the extended molecule and ⌫ 1,2 are the broadening functions of the left and right electrodes. It should be noted that the broadening functions ⌫ 1,2 are independent of spin since the semi-infinite SWCNT electrodes are not spin-polarized. More details about the numerical implementation can be found in the literature.
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III. RESULTS AND DISCUSSION
First we investigate the atomic and electronic structure of the isolated MnPc molecule. As shown in Fig. 1͑a͒ , MnPc is a planar molecule with D 4h symmetry, where the central Mn ion is surrounded by four isoindole groups bridged by four additional nitrogen atoms. On the basis of the electron counting rules for the Pc ligands, the central Mn ion has a 2+ formal charge. The optimized bond lengths of MnPc are listed in Table I . When compared with the corresponding experimental values, 52 all of the bond lengths calculated with SIESTA are slightly overestimated. This must be attributed to the PBE GGA functional, because the same trend is also observed in the all-electron DFT calculation with the same functional but a much larger basis set ͑the calculation is performed with GAUSSIAN03͒. In contrast, the deviations of the bond lengths calculated with the PBEh hybrid functional from the experimental values are a little reduced, which is a well-known behavior of these functionals for organic compounds. 53 In the MnPc molecule, the strong crystalline field of D 4h symmetry splits the Mn 3d atomic orbitals into a 1g ͑d z 2͒, b 2g ͑d xy ͒, e g ͑d xz , d yz ͒, and b 1g ͑d x 2 −y 2͒. The most important and intriguing problem concerning with the electronic structure of MnPc is the determination of the energy position of these 3d orbitals with respect to the a 1u ͑͒ and 2e g ͑ ‫ء‬ ͒ orbitals, which are, respectively, the HOMO and the lowest unoccupied molecular orbital ͑LUMO͒ of the Pc ring. The energy diagram of these key molecular orbitals of MnPc is given in Fig. 1͑b͒ . As we can see, the ground state of the MnPc molecule is determined to be a quadruplet where the HOMO is a singly filled doubly degenerate state with the e g symmetry FIG. 1. Atomic and electronic structure of the isolated MnPc molecule with D 4h symmetry. In ͑a͒ optimized molecular structure. In ͑b͒ energy diagrams ͑left: PBE/SIESTA, middle: PBE/GAUSSIAN03, and right: PBEh/GAUSSIAN03͒ of selected frontier molecular orbitals, here orbitals 1-6 represent e g , a 1g , b 2g , b 1g , a 1u , and 2e g , respectively. for the spin-down electrons. Using the same PBE functional, the energy levels obtained from the all-electron DFT calculation performed with GAUSSIAN03 are almost the same as those calculated with SIESTA, further confirming the appropriateness of the pseudopotentials and basis functions for the C, N, H, and Mn atoms built for this work. Due to the strong electron correlation in the MPc molecules, it is instructive to discuss the influence of the choice of the DFT functional on the calculated MnPc electronic structure. Since a fraction of the exact ͑Fock͒ exchange is included in hybrid functionals, the self-interaction error is much mitigated when compared to that of the GGA functionals. Therefore, it has been argued that the hybrid functionals are much more appropriate to deal with MPc molecules than the GGA functionals. [54] [55] [56] For the MnPc molecule, the PBEh hybrid functional provides the same ground state electronic configuration as that of the PBE GGA functional, as shown in Fig. 1͑b͒ . However, the choice of the DFT functionals does affect the energy position of molecular orbitals: the separations among the energy levels obtained with the PBEh functional are larger than those obtained by employing PBE. Although the a 1g and b 2g orbitals of the spin-down electrons have also been calculated to be the HOMO of MnPc, 56 the HOMO with the e g symmetry calculated using both the PBE and PBEh functionals here is more consistent with the most recent experimental electronic excitation spectrum of MnPc films. 57 In particular, by using the PBE GGA functional the energy gap between the HOMO ͑e g ͒ and the HOMO-1 ͑a 1u ͒ of MnPc is calculated to be 0.78 and 0.79 eV, respectively, with SIESTA and GAUSSIAN03. This is much closer to the experimentally observed excitation of 0.5 eV than the value of 1.54 eV given by the PBEh hybrid functional. We then conclude that, at least for the MnPc molecule, the PBE GGA functional is a better choice than hybrid functionals such as PBEh.
Now we move to investigate the transport properties of MnPc sandwiched between two semi-infinite ͑4,4͒ armchair SWCNT electrodes, where dangling bonds at the open end of each SWCNT electrode are terminated with hydrogen atoms. 58 Figure 2͑a͒ shows the optimized geometric structure of the SWCNT-MnPc-SWCNT junction. By construction, the ͑4,4͒ armchair SWCNT electrodes are placed along the x-axis, and the MnPc molecule is placed in the xOy plane. Due to the presence of two semi-infinite SWCNT electrodes, the symmetry of MnPc in the junction is reduced, losing its inversion center. For example, the Mn-N bond lengths are changed from 1.957 Ǻ in the isolated molecule to 1.948 Ǻ along the transport direction and 1.963 Ǻ perpendicular to the transport direction, respectively.
We remark that the SWCNT-MnPc-SWCNT junction proposed here can be possibly synthesized in light of the idea that the growth of armchair SWCNTs along the axial direction can be realized by cycloaddition with alkyne. 59 For example, since SWCNTs have reactive ends to which a wide variety of species can be covalently attached, 60 a bis͑dibromomethyl͒-SWCNT complex can be obtained by adding two dibromomethyl groups to a carbon dimer at the open end. This gives a diene under catalyticaction. Then, a manganese dibenzoporphyrazine molecule can be connected to two dienes by the two newly formed six-membered rings through cycloaddition, leading to an SWCNT-MnPc-SWCNT junction.
Going now to the transport, in Fig. 2͑b͒ we present the calculated spin-resolved transmission as a function of energy, T͑E͒, for the SWCNT-MnPc-SWCNT junction. As we can see, MnPc retains its spin polarization even after being contacted to the SWCNT electrodes. Around the Fermi level, the molecule exhibits a dual-peak transmission structure approaching unity for the spin-down electrons and a negligible transmission for the spin-up ones. In order to measure quantitatively the spin filtering efficiency, we define the transport spin polarization at the Fermi level as
Our calculations show that, when coupled to the ͑4,4͒ armchair SWCNT electrodes, MnPc exhibits nearly perfect spin filtering with a spin polarization approaching 100%. Therefore, at the PBE GGA level, MnPc not only can act as a nearly perfect spin filter but also has a large transmission around the Fermi level.
A deeper insight into the conductance of the SWCNTMnPc-SWCNT junction can be obtained by projecting the density of states ͑DOS͒ of the junction onto the frontier molecular orbitals of the central MnPc molecule, which is shown in Fig. 2͑c͒ . This is realized by using our previously developed projection method based on scattering states. 61 For MnPc contacted to the ͑4,4͒ armchair SWCNT electrodes, the transmission peaks of the spin-down electrons around E F are mainly contributed by the HOMO of MnPc whose degeneracy is lifted in the junction due to the reduced symmetry. The lower and wide transmission peak corresponds to the Mn 3d xz atomic orbital, due to the strong interaction with the SWCNT electrodes. In contrast, the upper and sharp transmission peak corresponds to the Mn 3d yz atomic orbital, due to the relatively weak interaction with the SWCNT electrodes. This can be seen more clearly from the isosurfaces of the two eigenchannels calculated at the Fermi level and at 0.10 eV below E F ͓see Figs. 2͑d͒ and 2͑e͔͒. Since the HOMO of MnPc is a -type orbital delocalized along the entire molecule, the two broadened transmission peaks overlap onto each other, thus that the electrodes' Fermi level can pin at the HOMO, leading to a large transmission around E F for the spin-down electrons. The a 1u orbital of the Pc ring forms two transmission peaks at 0.74 and 0.86 eV below the Fermi level for the spin-up and spin-down electrons, respectively. Finally the spin-up transmission peak at 0.70 eV above E F is mainly formed by the 2e g orbital of the Pc ring.
In order to demonstrate further the important role played by the Mn ion in the spin transport of the MnPc molecule, we investigate the conductance of metal-free phthalocyanine ͑H 2 Pc͒ coupled to two semi-infinite ͑4,4͒ armchair SWCNT electrodes. Two different structures are possible for the SWCNT-H 2 Pc-SWCNT junction due to the D 2h symmetry of the H 2 Pc molecule: the first one has the two inner hydrogen atoms oriented along the transport direction, while in the second one the two inner hydrogen atoms are perpendicular to it. The optimized geometries and the corresponding transmission spectra of these two junctions are presented in Fig.  3 . Without the Mn ion, the transmission curves of the two SWCNT-H 2 Pc-SWCNT junctions are both spin-degenerate and have a negligibly small value around E F because none of the transmission peaks contributed by the HOMO, LUMO, and LUMO+ 1 orbitals of the H 2 Pc molecule cuts across the Fermi level. The striking difference between the two transmission spectra is the appearance of the transmission peaks dominated by the LUMO and LUMO+ 1 orbitals of the H 2 Pc molecule. When the two inner hydrogen atoms are perpendicular to the transport direction, these two peaks merge into a single one; in contrast, when the two inner hydrogen atoms are along the transport direction, these two peaks can be discerned clearly.
Finally, we investigate whether or not the type of termination of the SWCNTs' open ends affects the spin transport of MnPc. The question is intriguing since some electronic properties such as field emission of open-ended SWCNTs depend critically on the way the ends are terminated. For this purpose, we consider two more termination configurations besides passivating the dangling bonds with hydrogen. The first one uses pristine ͑4,4͒ armchair SWCNT electrodes, in which carbon dimers are formed at the open end after relaxation. 58 In the second one, hydrogen is replaced by fluorine, which has a larger electronegativity. The calculated spin-resolved transmission spectra of the two new junctions are presented in Fig. 4 . When compared with the hydrogen passivation, the termination of the open ends of the ͑4,4͒ armchair SWCNT electrodes with carbon dimers or fluorine atoms only affects marginally the overall shape of the transmission curve of the SWCNT-MnPc-SWCNT junction, espe- armchair SWCNT electrodes, because the chemical bonding between the MnPc molecule and the SWCNT electrodes is electronically localized and the distance between the termination atoms and the bonding site is far enough even for the ͑4,4͒ armchair SWCNT.
IV. CONCLUSION
We have investigated the atomic structure, electronic structure and spin transport properties of MnPc attached to two semi-infinite ͑4,4͒ armchair SWCNT electrodes. The ground state of MnPc in the gas phase is determined to be a quadruplet, and the HOMO is a singly filled doubly degenerate orbital with the e g symmetry. Though the degeneracy of the HOMO is lifted in the SWCNT-MnPc-SWCNT junction due to the presence of the two SWCNT electrodes, MnPc still retains its spin polarization and the two broadened transmission peaks dominated by the HOMO overlap with each other thus that the electrodes' Fermi level can pin. Therefore, MnPc not only can act as a nearly perfect spin filter but also has a large transmission around the Fermi level. Furthermore we have found that the spin polarization of the SWCNTMnPc-SWCNT junctions is very robust to the termination type of the open ends of the SWCNT electrodes. These junctions then appear as promising building blocks for future molecular spintronic devices. 
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